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emergence from under snow and exposure to warming treatment temperature while they still were 147 moist from the melted snow. These samples were compared with those taken from below the snow 148 in the control plots. The snow was carefully removed from the vegetation. Samples were collected 149 one at a time, placed in dark bags and immediately brought to the GFS-3000 for measurements of 150 dark respiration and photosynthesis. These samples henceforth are termed 'subnivean'. The 151 temperature at the soil-snowpack interface at the time of sampling was around -3 °C (figure 1 in 152 Bokhorst et al. 2010a ). The time from sampling to the start of the gas exchange measurements was 153 3-4 minutes. 154
Samples were not artificially moistened; the melting snow and ice on their surfaces and within the 155 thalli, and the relative humidity (RH) in the air were the only water sources for the subnivean 156 samples, while the samples from the warming treatments were moist from the snow thawed by the 157 heating lamps. The objective with not adding extra moisture was to test activity under natural 158 thawing conditions. Samples were dried completely and weighed after measurements. Weights of 159 naturally moist and dried samples showed that water content was within the range suitable for 160 optimal photosynthetic rates (140 to 220 % of dry weight). Only first-year and second-year segments 161 of the feather moss were used. Each sample consisted of ca. five shoots. Lichen samples consisted of 162 one ellipsoid lobe without apothecia, ca. 2.5 cm wide and 4 cm long. 163
While subnivean samples were naturally dark-adapted, warmed plot samples exposed to light were 164 dark pre-treated for 1 h before sampling. The analytical run consisted of a short period of instrument 165 calibration in darkness (1 min), followed by measurements of dark respiration (DR) and maximal 166 quantum efficiency of photosystem II (PSII), i.e. Fv/Fm (Maxwell and Johnson 2000) , before the light 167 was switched on. A saturating but not photoinhibiting (cf. Lange et al. 1996 ) PPFD of 400 μmol m -2 s -1 168 was used during measurements of NP. CO2 concentration was set to 380 ppm, cuvette humidity to 169 7000 ppm H2O, and temperature to 5 °C. This temperature was selected because it approximated 170 the average canopy air temperature in the warming treatments after full snow melt (see figure 1 in 171 Bokhorst et al. 2010b) . During the light treatment, the quantum yield of PSII, ΦPSII (Genty et al. 1989 ; 172
Maxwell and Johnson 2000) and fluorescence quenching parameters were measured continuously 173 (quenching data not reported here). Carbon assimilation curves flattened out after 5 to 45 min of 174 light treatment (not to horizontal which would have needed more time for most samples, but until 175 the steep, almost exponential rise in assimilation was passed). All samples were measured for at 176 least 30 min in light. Assimilation rates were used to quantify the time taken from light exposure 177 until positive net photosynthetic rates were reached, and to derive maximum net photosynthesis 178 (NP) rates (within the time limits and environmental conditions given; i.e. longer light treatments 179 and/or higher temperatures would probably have rendered higher NP). DR (with negative values) 180 and NP were used to calculate gross photosynthesis (GP), where GP = NP -DR. Values for NP, DR 181 and GP were expressed on a dry weight basis. Comparisons with NP rates from the preceding 182 growing season (reported in Bjerke et al. 2011 ) were used to check the potential of winter gas 183 exchange; rates close to or higher than during summer would indicate high potentials. 184
To test how 1 day of freezing after the warming event would affect the photosynthesis and 185 respiration (i.e. 12-18 h after) warming was turned off and before the first snowfall, samples of H. 186 splendens moistened by wind-blown snow were collected from the warming treatments and 187 measured using the same procedure as for the other samples. It took a full day to obtain a full data 188 set. These samples are referred to as 'refreezing'. Capacity constraints on the GFS-3000 led to that 189 only the moss could be analysed the first day after turning off the heat. The second day the warmed 190 plots had been completely re-covered by newly fallen and wind-blown snow. Our principle was not 191 to manipulate snow cover after the warming event. Hence, we could not dig for more samples, and 192 the lichen was therefore not analysed after refreezing. 193
The leaf photosynthesis system used is supplied with a temperature sensor for measuring leaf 194 temperature, but when using the cuvette specially designed for loose samples of cryptogams, this 
Data analyses 209
Relationships between time of exposure to light and carbon assimilation rates were curve-fitted by 210 using the sigmoidal Morgan-Mercer-Flodin model, which, for all relationships provided better fits 211 than other models, both sigmoidal and non-sigmoidal. Differences between the two warming 212 treatments were first tested with a series of Student's t-tests. As there were no significant 213 differences between the two treatments for any of the measured parameters (lowest P-value was 214 0.11; most P-values were above 0.50), the two types of warming treatment data could be pooled 215 (canopy only, and canopy plus soil warming), here called 'warming'. The pooled warming data were 216 compared against subnivean samples, and, for H. splendens, also against refrozen samples. Separate 217 repeated-measures ANOVAs of warming vs. refreezing data rendered the same significance effects 218 as when refreezing was considered a separate treatment in a one-way ANOVA. Thus, for being able 219 to combine subnivean, warming and refreezing data in the same significance test, the results 220 presented are based on one-way ANOVA with refreezing as a separate treatment. Post-hoc multiple 221 comparisons of these data were analysed by using the Tukey-Kramer HSD test. A two-way ANOVA 222 was used to test for significant species × treatment interactions on response rates. Student's t-tests 223 were used to compare subnivean and warming data of P. aphthosa, and a paired Student's t-test 224 was used to compare warming treatment NP from March 2009 and July 2008. 225
Data sets were tested for heterogeneity using Levene's test. In cases where this test was significant, 226 suggesting lack of homogeneity, the data were also analysed by using non-parametric tests (the 227
Kruskal-Wallis and Mann-Whitney-U tests). Changing from parametric to non-parametric tests did 228 not affect significance in any of the cases, i.e., in cases where P-values were below 0.05 using 229 ANOVA, significance levels were below 0.05 also with the non-parametric tests, and vice versa. All 230 tests were carried out by using the PASW Statistics 18 package (SPSS Inc., Chicago, IL, USA), except 231 for the curve fitting, which was made in Microsoft Excel by using the add-on XLfit ver. 5.3.1.3 (ID 232
Business Solutions Ltd., Guildford, UK). 
Ecophysiological performance 255
Overall, ecophysiological performance of H. splendens was identical in the subnivean and winter 256 warming samples, but refreezing samples differed (Figure 3, left panels) . In H. splendens DR in the 257 subnivean, warming, and refreezing samples was variable and there were no differences among the 258 14 three treatments (Figure 3a ; F2,23 = 0.14, P = 0.87). Upon refreezing large declines were found in NP 259 and ΦPSII. NP in refrozen samples was 59 % lower (Figure 3b ; F2,23 = 6.01, P = 0.009) and ΦPSII was 2.5 260 times higher (Figure 3d ; F2,23 = 8.99, P = 0.002) compared to subnivean samples. . Mean Fv/Fm was 261 14.5 % lower upon refreezing than during the warming event (Figure 3c ; lack of homogeneity; 262
Kruskal-Wallis, P = 0.069). Mean NP of H. splendens during the winter warming event in 2009 did not 263 differ from growing season NP (paired t7 = 1.05, P = 0.33). 264 DR of Peltigera aphthosa was 1.7 times higher in subnivean samples compared to the winter 265 warming treatment (Figure 3a ; F1,12 = 10.09, P = 0.009), and chlorophyll fluorescence was 35 % lower 266 compared to the winter warming treatment (Figure 3c ; lack of homogeneity, Mann-Whitney U-test, 267 P = 0.009). Mean NP was 57% lower in the subnivean samples compared to the winter warming 268 treatment, but due to high variability not significantly so (Figure 3b ; F1,12 = 3.23, P = 0.1), and the 269 same applies to ΦPSII which was 37% higher in the subnivean samples (Figure 3d for any significant cryptogamic metabolic activity (Kappen 1993) , the sub-arctic subnivean 294 environment in this study had a temperature of -3 °C which is above the lower limit for metabolic 295 activity. This difference in the degree of dormancy is the most likely cause for the contrasting 296 response times between the Antarctic and the sub-Arctic sites. 297
The lack of difference in NP, DR, Fv/Fm and ΦPSII between the subnivean control and the warming 298 treatments demonstrated that H. splendens was not at all dormant in its subnivean environment. As 299 the subnivean microclimate in the sub-Arctic is suitable for high water potentials (Zimov et al. 1993 ; 300 Lichens tend to rapidly release a burst of non-metabolic CO2 the first 15 min during a temperature 317 increase (Sundberg et al. 1999 ). The lichens from the subnivean environment experienced a rapid 318 temperature increase of 8 °C (from -3 °C to +5 °C) while being transported from the field to the gas 319 exchange chamber, whereas the samples from the warmed plots had been at 5 °C for some hours 320 prior to gas exchange measurements. The temperature increase that the subnivean samples were 321 exposed to certainly led to a burst of CO2 release and this explains why DR of P. aphthosa was higher 322 in the subnivean samples than in the samples from the warmed plots (Figure 3a) , which had its burst 323 release of CO2 while being heated up in the plots a few hours before gas exchange measurements. 324
We suspect that the longer response times of the lichen compared to the moss were due to their 325 large differences in surface area-to-volume ratios. Thick, broad-lobed foliose lichens such as P. 326 aphthosa have much lower ratios than feather mosses, and this leads to higher water retention 327 which, in turn, slows down the thawing rate. Thus, the moss probably reached positive thallus 328 temperatures much faster than the lichen when they were moved from their subnivean 329 environment at around -3 °C to the cuvette temperature at +5 °C. Street et al. (2012) also used 330 differences in water retention capacity to explain why Sphagnum fuscum has lower photosynthetic 331 rates than Polytrichum piliferum in late winter, as large amounts of frozen water within capillary 332 spaces of S. fuscum melt slowly and restrict CO2 diffusion. The longer response time and the reduced 333 subnivean Fv/Fm (Figure 3c ) of Peltigera aphthosa as compared to H. splendens indicate that the high 334 water retention of the lichen slowed down the reactivation rate after light exposure. Subnivean 335 samples of an Antarctic liverwort have also been reported to have had much lower chlorophyll 336 fluorescence than adjacent samples that were free of snow (Snell et al. 2007 ). Nevertheless, the 337 short time required to reach positive NP shows that P. aphthosa can take advantage of winter 338 thawing events for photosynthesis and growth, and lichens with higher surface area-to-volume 339 ratios, e.g. fruticose reindeer lichens (Cladonia spp.), may thaw more rapidly and be more similar to 340 H. splendens than to P. aphthosa in terms of response time. 341
Comparison with growing season activity 342 NP and nitrogen fixation rates of H. splendens and P. aphthosa during the growing season in the 343 study area are variable ). NP rates of P. aphthosa and N fixation rates of both 344 species during the winter warming event were 2 to 4.3 times higher than the range of rates during 345 the preceding growing season, suggesting that the winter warming events rendered optimal 346 temperature and humidity conditions for ecophysiological activity. In fact, it has been suggested that 347 many sub-arctic cryptogams have the highest photosynthetic activity during late winter, spring and 348 autumn, because thalli stay moist for longer periods of time during these seasons due to water from 349 snowmelt, higher precipitation rates and slower drying rates than during summer (e.g. significant differences (P < 0.05) between means. The exact P-levels are given for cases without 624 significant differences. 625
